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Typical multi-messenger astrophysics challenge

| AM³ News | M.Klinger | 21.02.2024
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge

| AM³ News | M.Klinger | 21.02.2024

flux at 

Earth

observation

detection

spatial/temporal coincidences
e.g. blazars, tidal disruption events (TDE)

IceCube et al., Science, 361,146 (2018)

Stein et al., Nature Astronomy, 5, 510-518 (2021)
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Typical multi-messenger astrophysics challenge

| AM³ News | M.Klinger | 21.02.2024

flux at 

Earth

observation

detection

spatial/temporal coincidences
e.g. blazars, tidal disruption events (TDEs)

multi-wavelength spectra
e.g. blazars, gamma-ray bursts (GRBs),…

MK++ in prep.
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source modelling

Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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flux at 

Earth

observation

particle & 

energy 

reservoir

acceleration

propagation

detection

𝜸
𝝂

CRs

dissipation

AM³

Astrophysical Multi-Messenger Modeling 

non-thermal 

cosmic rays 

(protons, electrons)
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The task

| AM³ News | M.Klinger | 21.02.2024

dissipation zone→ in the comoving frame

→ homogeneous/isotropic
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The task
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dissipation zone

expansion

→ in the comoving frame

→ homogeneous/isotropic
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The task
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dissipation zone

expansion

turbulent magnetic fields

→ in the comoving frame

→ homogeneous/isotropic
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The task
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→ in the comoving frame

→ homogeneous/isotropic
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The task
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dissipation zone

injection of 

relativistic particles/

target photon fields

escape/advection

expansion

turbulent magnetic fields

→ in the comoving frame

→ homogeneous/isotropic
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The task
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dissipation zone

injection of 

relativistic particles/

target photon fields

escape/advection

expansion

turbulent magnetic fields

→ in the comoving frame

→ homogeneous/isotropic

depend in general on 𝐸, 𝑡, 𝑛𝑗

→ solve transport eqs.

particle number density 

𝑛𝑖(𝐸, 𝑡) =
𝜕2𝑁𝑖
𝜕𝐸 𝜕𝑉

for species 𝑖 ∈ 𝑝, 𝑛, 𝑒, 𝜋, 𝜇, 𝜈, 𝛾𝝏𝒕𝒏𝒊 = 𝑸+ 𝝏𝑬 ሶ𝑬𝒏𝒊 − 𝜶𝒏𝒊
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The workflow

estimate the coefficients 

𝑸, ሶ𝑬, 𝜶 (time scales)

based on current state 

of system

| AM³ News | M.Klinger | 21.02.2024

evolve particle densities 𝒏𝒊
in time for small step
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The workflow

| AM³ News | M.Klinger | 21.02.2024

evolve particle densities 𝒏𝒊
in time for small step

estimate the coefficients 

𝑸, ሶ𝑬, 𝜶 (time scales)

based on current state 

of system
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Estimate the coefficients

| AM³ News | M.Klinger | 21.02.2024

→ see appendix of arxiv:2312.13371 for details

https://arxiv.org/abs/2312.13371
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Estimate the coefficients: GRB example

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.
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Estimate the coefficients: GRB example

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.
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Estimate the coefficients: GRB example
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MK++ in prep.
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Estimate the coefficients: GRB example
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MK++ in prep.
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Estimate the coefficients: GRB example
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MK++ in prep.
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The workflow
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estimate the coefficients 

𝑸, ሶ𝑬, 𝜶 (time scales)

based on current state 

of system

evolve particle densities 𝒏𝒊
in time for small step
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Evolve the particle densities

| AM³ News | M.Klinger | 21.02.2024

log 𝐸

log 𝜏

const∝ 𝐸−1

𝐸max
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Evolve the particle densities
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log 𝐸

log 𝜏

const∝ 𝐸−1

𝐸max

dynamical time

dt

very large!
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matrix

Evolve the particle densities

| AM³ News | M.Klinger | 21.02.2024

𝑛 > 0 and 𝜖 = 0?

yes 1. Skip regime

no

𝐴 ≪ 𝛼?

yes

no

2. Sink regime

𝐴 ≫ 𝛼?

yes

no 

(→ 𝐴 ≈ 𝛼)

3. Advection regime

𝐴 ≫
Δ𝑥

Δ𝑡
?

(Courant)

yes

no
4. Sink advection regime

5. Tri-diagonal matrix regime

log 𝐸

log 𝜏

𝐸max

dt

fast matrix solver
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matrix

Evolve the particle densities
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𝑛 > 0 and 𝜖 = 0?

yes 1. Skip regime

no

𝐴 ≪ 𝛼?

yes

no

2. Sink regime

𝐴 ≫ 𝛼?

yes

no 

(→ 𝐴 ≈ 𝛼)

3. Advection regime

𝐴 ≫
Δ𝑥

Δ𝑡
?

(Courant)

yes

no
4. Sink advection regime

5. Tri-diagonal matrix regime

log 𝐸

log 𝜏

𝐸max

dt

ana.

fast matrix solver

fast semi-analytic
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matrix

Evolve the particle densities
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𝑛 > 0 and 𝜖 = 0?

yes 1. Skip regime

no

𝐴 ≪ 𝛼?

yes

no

2. Sink regime

𝐴 ≫ 𝛼?

yes

no 

(→ 𝐴 ≈ 𝛼)

3. Advection regime

𝐴 ≫
Δ𝑥

Δ𝑡
?

(Courant)

yes

no
4. Sink advection regime

5. Tri-diagonal matrix regime

log 𝐸

log 𝜏

𝐸max

dt

ana.

skip
fast matrix solver

fast semi-analytic

trivial

→ see appendix of arxiv:2312.13371 for details

https://arxiv.org/abs/2312.13371
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Fast

• steady state in 1-10 seconds

| AM³ News | M.Klinger | 21.02.2024

arxiv:2312.13371

https://arxiv.org/abs/2312.13371
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Fast

• steady state in 1-10 seconds

• speed optimizations:

→ pre-calculated/tabulated/simplified kernels 

(cut to relevant energy ranges)

→ ~40 switches allow to select for relevant processes

→ monitor computational cost

→ speed optimized solver

→ compiled (C++)

→ adjustable energy grid

| AM³ News | M.Klinger | 21.02.2024

computational cost per step
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Trackable

• possibility to co-evolve components to track contribution 

→ which neutrinos come from 𝑝𝑝/𝑝𝛾?

→ which processes contribute how much to electrons/positrons? 

→ which components dominate photon spectra at which energies?

• no real slow down

• great intutition!

| AM³ News | M.Klinger | 21.02.2024
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Trackable
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Trackable
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primary

syn.

IC

electrons
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Trackable
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syn.+IC

electrons

primary
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Trackable
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primary e

electrons

protons

protons
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Trackable – pair annihilation

| AM³ News | M.Klinger | 21.02.2024

primary e

electrons

protons

pair annihilation cascade

(𝛾𝛾 → 𝑒−𝑒+)

pair annihilation cascade

(𝛾𝛾 → 𝑒−𝑒+)

protons
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primary e

electrons

protons

protons

charged pion

syn+IC

neutral 

pion decay

pions

Trackable – photo-pion cascade: 𝒑𝜸 → 𝝅
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muons

primary e

electrons

protons

protons

pions

muon

syn+IC

neutral 

pion decay

Trackable – photo-pion cascade: 𝒑𝜸 → 𝝅 → 𝝁
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muons

primary e

electrons

protons

protons

photo-pion 

𝑒±

pions

neutral 

pion decay

Trackable – photo-pion cascade: 𝒑𝜸 → 𝝅 → 𝝁 → 𝒆±
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muons

primary e

electrons

protons

protons

Bethe-

Heitler

pairs

pions

neutral 

pion decay

Trackable – Bethe-Heitler : 𝒑𝜸 → 𝒑𝒆+𝒆−
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muons

primary e

electrons

protons

protons

𝑝𝑝
cascade

𝑝𝑝 → 𝜋 → 𝜇 → 𝑒±

𝑝𝑝 → 𝜋0 → 𝛾𝛾

pions

neutral 

pion decay

Trackable – proton-proton : 𝒑𝒑 → 𝝅 → 𝝁 → 𝒆±
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Trackable – neutrinos

| AM³ News | M.Klinger | 21.02.2024

muons

photons

electrons

protons
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proton-

proton

pions
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muons

photons

electrons

protons

neutrinos

𝜈𝑒 , ҧ𝜈𝑒 , 𝜈𝜇 , ҧ𝜈𝜇

pions

Trackable – neutrino flavours
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Now public!

• paper with detailed summary 

of processes, solver, etc…

| AM³ News | M.Klinger | 21.02.2024

arxiv:2312.13371

https://arxiv.org/abs/2312.13371
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Now public!

• paper with detailed summary 

of processes, solver, etc…

• documentation with examples 

in C++ and python

| AM³ News | M.Klinger | 21.02.2024

https://am3.readthedocs.io/en/latest/

https://am3.readthedocs.io/en/latest/
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Now public!

• paper with detailed summary 

of processes, solver, etc…

• documentation with examples 

in C++ and python

• e-mail address 

| AM³ News | M.Klinger | 21.02.2024

contact-am3@desy.de

mailto:contact-am3@desy.de
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Now public!

• paper with detailed summary 

of processes, solver, etc…

• documentation with examples 

in C++ and python

• e-mail address 

• source code public on GitLab 

and maintained by AM³ team

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3

https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
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Now public!

| AM³ News | M.Klinger | 21.02.2024

contact-am3@desy.de

arxiv:2312.13371

https://am3.readthedocs.io/en/latest/

https://gitlab.desy.de/am3/am3

• paper with detailed summary 

of processes, solver, etc…

• documentation with examples 

in C++ and python

• e-mail address 

• source code public on GitLab 

and maintained by AM³ team

• collaborators welcome!

• C++ AND python3 (same user interface names)

• Docker

https://gitlab.desy.de/am3/am3
mailto:contact-am3@desy.de
https://arxiv.org/abs/2312.13371
https://am3.readthedocs.io/en/latest/
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
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Tested

• Blazars → see talks by Anastasiia, Sara and Xavier

• TDEs → see Chengchao’s talk

• GRB prompt emission → see Željka’s talk

• GRB afterglows → now

| AM³ News | M.Klinger | 21.02.2024



Gamma-Ray Burst Afterglows
with Chengchao Yuan, Andrew Taylor, Walter Winter

and AM³

DESY, Science Communication Lab
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Why to care about GRBs?

• non-thermal particle acceleration at shocks

• relativistic realisation: afterglow of a gamma-ray burst

• observational handle: mainly photon spectra

• connection of observed photon spectra to underlying physics based 

on many assumptions → room for improvement

• new observational window at VHE

→ crisis (= we can learn something new!)

| AM³ News | M.Klinger | 21.02.2024
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→ MAGIC

→ H.E.S.S.

→ LHAASO

MK++ in prep.

data from:

MAGIC Nature 575 (2019)

Swift+Fermi ApJ 890 (2020)

MK++ MNRAS 520 (2023)

H.E.S.S. Science 372 (2021)

Zhang++ ApJL 956 (2023)

Liu++ APJL 943 (2023)

Tavani++ arXiv:2309.10515

LHAASO Science 380 (2023)

MK++ MNRAS 529L (2024)

arXiv:2308.13854

GRB afterglows detected at VHE! 
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→ MAGIC

→ H.E.S.S.

→ LHAASO

MK++ in prep.

data from:

MAGIC Nature 575 (2019)

Swift+Fermi ApJ 890 (2020)

MK++ MNRAS 520 (2023)

H.E.S.S. Science 372 (2021)

Zhang++ ApJL 956 (2023)

Liu++ APJL 943 (2023)

Tavani++ arXiv:2309.10515

LHAASO Science 380 (2023)

MK++ MNRAS 529L (2024)

arXiv:2308.13854

GRB afterglows detected at VHE! 

• single component?

• flat power-law spectra 

extending up to >TeV
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𝑡acc = 𝜼
𝐸𝑒
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𝐸min

d𝑛𝑒
d𝐸𝑒d𝑡

∝ 𝐸𝑒
−𝑝𝑒

log 𝐸𝑒𝐸𝑒
max log 𝐸𝑒

log 𝑡

+
𝑡adi

𝑡syn

𝑡IC
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Problem: Klein-Nishina suppression tricky!

(1) slope at VHE very soft (2) parameter fine tuning to get peaks at ~ same height

Synchrotron Self-Compton (SSC) scenario

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.preliminary

time dependent 

modeling with AM³!

https://gitlab.desy.de/am3/am3
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Extended synchrotron scenario

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.preliminary

time dependent 

modeling with AM³!

Problem: how to explain 𝜂 ≪ 1?

https://gitlab.desy.de/am3/am3
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Scan for flat scenarios

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.
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Proton synchrotron scenario

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.preliminary

time dependent 

modeling with AM³!Problem: proton synchrotron component at exponential cut-off!

https://gitlab.desy.de/am3/am3
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𝒑𝒑-cascade scenario

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.preliminary

time dependent 

modeling with AM³!Not very bright, high densities, 

extreme baryonic loading, but flat!

https://gitlab.desy.de/am3/am3
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𝒑𝜸-cascade scenario

| AM³ News | M.Klinger | 21.02.2024

MK++ in prep.preliminary

time dependent 

modeling with AM³!

Extreme energy requirements!

https://gitlab.desy.de/am3/am3
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Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3
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Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3


DESY. 65

Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

• speed optimized (steady state in ~10s)

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3
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Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

• speed optimized (steady state in ~10s)

• component tracking

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3
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Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

• speed optimized (steady state in ~10s)

• component tracking

• written in C++, interface to python

• used already for blazars (initially Gao++ 2017), 

GRBs, TDEs

• public including documentation!

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3

https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
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Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

• speed optimized (steady state in ~10s)

• component tracking

• written in C++, interface to python

• used already for blazars (initially Gao++ 2017), 

GRBs, TDEs

• public including documentation!

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3

GRB afterglows

• VHE detection of GRB afterglows creates

crisis for standard SSC model

→ chance to learn something new!

• alternative single zone scenarios:

→ extended synchrotron (probably rather multi-zone)

→ proton synchrotron

→ 𝑝𝑝-cascade

→ 𝑝𝛾-cascade

• no perfect fit found yet!

https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3


DESY. 69

Summary
AM³ - public!

• solve transport equations - time dependent!

• for protons, electrons, photons 

+ pions, muons, neutrinos

• Syn, IC, pair-prod., p𝛾, pp, Bethe-Heitler, decays,..

• speed optimized (steady state in ~10s)

• component tracking

• written in C++, interface to python

• used already for blazars (initially Gao++ 2017), 

GRBs, TDEs

• public including documentation!

| AM³ News | M.Klinger | 21.02.2024

https://gitlab.desy.de/am3/am3

GRB afterglows

• VHE detection of GRB afterglows creates

crisis for standard SSC model

→ chance to learn something new!

• alternative single zone scenarios:

→ extended synchrotron (probably rather multi-zone)

→ proton synchrotron

→ 𝑝𝑝-cascade

→ 𝑝𝛾-cascade

• no perfect fit found yet!

Thank you!

https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3
https://gitlab.desy.de/am3/am3


Backup
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Estimating the time scales / source terms

| AM³ News | M.Klinger | 21.02.2024

radiation kernelconvolution

𝑄𝑎→𝑏 𝐸𝑏 , 𝑡 = ∫ dln𝐸𝑎𝑛𝑎 𝐸𝑎 𝑅𝑎→𝑏 𝐸𝑎 , 𝐸𝑏

cross section

𝑅𝑎,𝑏→𝑐 𝐸𝑎 , 𝐸𝑏 , 𝐸𝑐 =
𝑐

2
∫ d𝜇 1 − 𝜇

d𝜎𝑎,𝑏→𝑐
d𝐸𝑐d𝜇

𝐸𝑎, 𝐸𝑏 , 𝐸𝑐 , 𝜇

angle averageradiation kernel

convolutionconvolution

𝑄𝑎,𝑏→𝑐 𝐸𝑐 , 𝑡 = ∫ dln𝐸𝑎𝑛𝑎 𝐸𝑎 ∫ dln𝐸𝑏𝑛𝑏 𝐸𝑏 𝑅𝑎,𝑏→𝑐 𝐸𝑎 , 𝐸𝑏 , 𝐸𝑐

radiation kernelconvolution

𝛼𝑎→𝑏 𝐸𝑎, 𝑡 = ∫ dln𝐸𝑏𝑛𝑏 𝐸𝑏 𝑅𝑎→𝑏 𝐸𝑎 , 𝐸𝑏

convolutionconvolution

𝛼𝑎,𝑏→𝑐 𝐸𝑎 , 𝑡 = ∫ dln𝐸𝑐𝑛𝑐 𝐸𝑐 ∫ dln𝐸𝑏𝑛𝑏 𝐸𝑏 𝑅𝑎,𝑏→𝑐 𝐸𝑎, 𝐸𝑏 , 𝐸𝑐

process: 𝑎 → 𝑏 (e.g. synchrotron)

process: 𝑎 + 𝑏 → 𝑐 + 𝑑 (e.g. inverse Compton)
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Fireball model: Long GRB

| AM³ News | M.Klinger | 21.02.2024

core collapse

DESY, Science Communication Lab
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Fireball model: Long GRB

| AM³ News | M.Klinger | 21.02.2024

core collapse

DESY, Science Communication Lab

remnant

afterglow

=



DESY. 74

Fireball model: Long GRB

| AM³ News | M.Klinger | 21.02.2024

• Lorentz factors up to 

few 100

→ relativistic compression

• Quasi isotropic outflow

• Energetics:

→ observed up to: 𝐸iso~10
55erg

→ 𝐸tot =
Ω

4𝜋
𝐸iso~10

51erg

→ comparable to SN !

• efficient converters of kinetic 

energy to radiation

core collapse

DESY, Science Communication Lab

remnant

afterglow

=
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Time scales: SSC

| AM³ News | M.Klinger | 21.02.2024
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Time scales: extended synchrotron

| AM³ News | M.Klinger | 21.02.2024
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Time scales: proton synchrotron

| AM³ News | M.Klinger | 21.02.2024
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Time scales: 𝒑𝒑-cascade

| AM³ News | M.Klinger | 21.02.2024
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Time scales: 𝒑𝜸-cascade

| AM³ News | M.Klinger | 21.02.2024


